The trajectory of aquaculture growth in sub-Saharan Africa has necessitated closer attention to the use of environmental best management practices (BMPs). Two BMPs in particular, water reuse and floating feeds, are being promoted for adoption by pond fish farmers in sub-Saharan Africa. In this study, we investigated: (1) the effect of water source and feed type on water quality; (2) the effect of water source and feed type on tilapia growth; and (3) the quality of potential effluents from ponds using different water source and feed types. The study was conducted in Ghana using on-farm experiments involving monitoring of water quality and growth of Nile tilapia Oreochromis niloticus for 160 days. Although considered low-intensity production systems, nutrients and solids in the study ponds exceeded levels expected in intensive culture ponds by wide margins, whereas BOD 5 was within the range for semi-intensive ponds. Floating feed was associated with OPEN ACCESS Sustainability 2014, 6 653 higher water quality, especially dissolved oxygen, and higher growth, but water source did not significantly affect growth. Water reuse appears to be a viable BMP for sustainable aquaculture in the region, but the use of floating feed as BMP will depend on the economic profitability of floating feed use.
Introduction
Aquaculture in sub-Saharan Africa is conducted mainly in earthen ponds and is relatively less intensive compared to the same method of food production in Asia, Europe, and North and South America. After many years of low production, efforts to expand the number of enterprises and increase the intensification of existing ones to increase productivity appear to be producing results. The Food and Agriculture Organization (FAO) reported 'rapid progress' made by Nigeria, Uganda, Kenya, Zambia, and Ghana to become major aquaculture producers in sub-Saharan Africa [1] . Ghana is one of the countries in sub-Saharan Africa with the potential to dramatically increase its fish production from ponds in the foreseeable future due, among other factors, to convergence of several auspicious events in the country. These include: (1) progress in the development of a better performing strain of Nile tilapia Oreochromis niloticus [2] , which is the major aquaculture species in the region; (2) the establishment of the first commercial fish feed mill in West Africa in the country [3] ; (3) the 2012 launching of the Ghana National Aquaculture Development Plan, developed in cooperation with the FAO, with an expressed objective of increasing Ghana farmed fish output from 10,200 tons in 2010 to 100,000 tons in 2016 [4] ; and (4) a stabilizing political environment encouraging better governance of fisheries resources, as exemplified by a recent reinstatement of the Ministry of Fisheries and Aquaculture Development, independent of the Ministry of Food and Agriculture [5] .
Intensification of farming is invariably accompanied by environmental problems, which can threaten the sustainability of the very growth that development experts agree is needed for food security [6] . For example, almost all forms of aquaculture in the United States came under severe scrutiny and criticism in the 1990s for alleged poor environmental stewardship [7, 8] and the US, for example, responded with increased regulatory activity that led to a frenzy of research to respond to the new rules (e.g., [9] ). Much research preceding and immediately following the imminent regulations focused on the characterization of effluents from various types of aquaculture under a range of management conditions [10] [11] [12] [13] [14] and assessments of the impacts of aquaculture effluent on receiving waters [15, 16] . Consensus has emerged that pond aquaculture effluents are generally too dilute for conventional treatment options and that certain management practices, if applied properly, would help aquaculture achieve an equal or better environmental performance with less economic burden on producers [17] [18] [19] [20] [21] [22] [23] [24] [25] . Today, best management practices (BMPs) are increasingly mainstreamed in larger aquaculture businesses, with internationally recognized bodies in place that certify farms voluntarily adopting responsible aquaculture practices, focusing comprehensively on the social, environmental, and health dimensions [26] . Guidelines and codes of conduct for responsible aquaculture with national and international foci also abound (e.g., [22, [27] [28] [29] ).
Due to its history of being mostly small-scale, pond aquaculture in sub-Saharan Africa has not experienced a lot of scrutiny, but increasing scrutiny is predictable under the current rate of growth. Cage aquaculture in Africa has seen tremendous growth recently and is more conspicuous to environmentalists resulting in its being regulated in countries such as Uganda, Botswana, Mozambique, and Ghana (e.g., [30, 31] ). Research, especially research directed at improving environmental performance of aquaculture in Africa, is not a current focus of national governments partly because there is a sense of crisis and the perception of needing to increase production at all cost. But when aquaculture development in the region comes under increased pressure for environmental stewardship, scientific data will be required to demonstrate stewardship or areas where improvements can be made. There is a wide variety of aquaculture production systems and management practices, but in the absence of data related to specific aquaculture types and management practices, there is the tendency to lump all aquaculture together and attribute common environmental problems [7, 8] .
The United States Agency for International Development (USAID)-funded Aquaculture and Fisheries (AquaFish) Innovation Lab (formerly AquaFish CRSP) has supported investigations over the past six years to identify the characteristics of pond aquaculture effluents and effluent receiving water bodies in Ghana [32] and assess the impacts, if any, of aquaculture on these receiving water bodies [33] . The results of the studies showed the presence of elevated total phosphorus (TP), total nitrogen (TN), total suspended solids (TSS), and biochemical oxygen demand (BOD 5 ) in ponds relative to upstream sections of receiving streams and reference streams. In addition, water downstream of aquaculture facilities trended toward similar levels of the nutrients (TP and TN), TSS, and BOD 5 [32] as in the ponds. It was concluded that while the overall impact of pond aquaculture on receiving waters in Ghana was currently low, BMPs relating to nutrient and effluent management need to be widely adopted by fish farmers in the near future, especially as the number of fish farms and intensification of existing farms continue to increase [32, 33] . Subsequently, AquaFish has sought to develop and extend environmental BMPs widely to pond-based fish farmers in Ghana, Kenya, and Tanzania. One goal of the effort has been to pre-empt harsh regulations while keeping small-scale pond aquaculture profitable and environmentally benign.
The adoption of BMPs in fish production requires strategies that integrate profitability and efficiency in the fish farming enterprise [23, 34] . Nutrient and effluent management practices affect the volume of water, nutrients, solids, and oxygen demand loading rates from ponds into receiving water bodies [11, [18] [19] [20] 35] . Changing nutrient and effluent management practices has economic implications, beyond the potential environmental benefits. One way to assess environmental impact of changing practices is to empirically determine the net gain or loss in nutrients, solids, and oxygen demand in the pond water through the production cycle and the amount of water exiting the pond after production under the alternate management practices. This approach has been used to varying extents by various studies cited herein. Where there is negligible overflow or seepage from ponds, this analysis is relatively intuitive. The economic impact of changing practices on producers is assessed by determining the cost and change in production and profit associated with alternate practices (e.g., [17, 23, 24] ).
The focus of the current study was to quantify the quality of pond water and potential effluent under selected management practices and to determine the effect of these management practices on growth of Nile tilapia, Oreochromis niloticus. Detailed analysis of the economic impact of these BMPs on profitability for the producer and society is the focus of another study. The two BMPs selected for assessment are: (1) water reuse (as contrasted with draining ponds and refilling with new water at the end of each production cycle) and (2) the use of commercial-grade extruded or floating fish feed (as contrasted with sinking feed of the quality made on most farms), the former accomplishing both reduction of effluent volume and nutrient, solids, and oxygen demand whereas the latter primarily serves to reduce nutrient loads. These two BMPs have clear alternative practices that are widely agreed to be the status quo, the BMPs are hypothesized to have significant effects on fish growth and pollution potential of ponds, and lend themselves to straightforward experimental manipulation so their environmental effects and economic benefits can be quantified accurately. Specifically, we investigated: (1) the effect of water source and feed type on water quality; (2) the effect of water source and feed type on tilapia growth; and (3) potential effluents from ponds using different water source and feed types.
Experimental

Study Location
The study was conducted in three pond-aquaculture dominated regions of Ghana on eight farms over two six-month production cycles between June 2011 and December 2012. The regions are Ashanti, Brong-Ahafo, and Western ( Figure 1) . Three of the farms participated in both production cycles and the other five participated in only the first or the second cycle. These farms, which had been selected as demonstration sites for the focal BMPs, included one government and one university research station. Data from five farms that participated in the second production cycle are reported in this study (Figure 1 ), although the experimental design applies to all farms. We focus on the second production cycle because a more consistent and intensive water quality monitoring regime was implemented during that cycle. 
Experiment Setup and Monitoring
Five farms, each contributing four ponds, were used for the second round of on-farm experiments. Thus, results reported in this paper cover a total of 20 ponds. The two management practices (experimental factors) were each set at two levels which are the recommended management practice and the contrasting status quo or common practice. For factor 1-Water source, the recommended practice is water reuse (involving reuse of "old" or "green" water) and the status quo is new water, where ponds are drained completely and refilled with new water from a well or diverted water from a nearby river or stream. For factor 2-Feed type, the recommended practice is floating feed, available commercially, and the status quo is sinking feed manufactured on-farm from food processing wastes. The two factors were combined in a 2 × 2 crossed factorial design, with farm serving as a blocking factor. Note that 'farm', in this paper, is a site consisting of a set of four ponds geographically isolated from other sites as shown in Figure 1 . Farm was considered as a block in terms of experimental design because four ponds in the same geographic location experience climatic and edaphic conditions that are more similar compared to any other set of four ponds in the study. This design enabled the statistical estimation of the effect of farm, water source, feed type, and the interaction of feed and water source on fish growth, feed conversion ratio, and water quality. The four treatments were randomly assigned to the four ponds on each farm and the spatial arrangement of ponds varied across farms, and not necessarily as illustrated (Figure 2) . All ponds underwent the same preparation prior to filling, regardless of the randomly assigned water source or feed type. After draining, the pond bottoms were dried for approximately one month, during which time each pond was limed with CaCO 3 in powder form, spread evenly over the pond bottom at a rate of 10 kg/100 m 2 . Ponds were filled after they were completely dried out. Old-water ponds were filled by retrieving previous production water (by gravity drainage, pumping, or a combination of the two methods) from a temporary storage pond. New-water ponds were filled similarly, but from a nearby river. Water was strained through a 2 mm nylon sieve fitted to the intake to prevent transfer of unwanted eggs or larvae into experimental ponds. After filling each pond and before stocking, poultry manure, as organic fertilizer, was broadcast over the pond water in a one-time application at a rate of 5 kg/100 m 2 .
Due to the fact that data reported mostly represents a second run of the same experiment on the same farms, the old water ponds on the three farms that participated in the study twice, had old water that had been treated with the same feed as the feed type assigned in the current experiment. This water however was pumped out of the pond for drying and bottom treatment and had to sit for one month during the changeover from the first to the second experiment. For the two farms that participated in the experiment for the first time, old water originated from previous productions in which floating and sinking feed had both been used but not documented in detail. Again, the experimental ponds had to be emptied, dried and treated and the water pumped into these ponds. Because of the long period the water had to sit without feeding, and the assimilation of nutrients into plankton production during that period, we considered all the old water to have similar quality at the beginning of the experiment, compared to the new water.
Thorough morphometric measurements were also made for each pond after filling the pond to the normal depth as set by the farmer. Although a minimum of 1 m water depth is the recommendation made to farmers, it was discovered that most existing ponds would not reach close to 1 m water depth before they overflow their embankment. Morphometric surveys involved mapping water depths at several perpendicular transects across the entire pond by wading in the pond with a calibrated rod and using the observed depths at known locations to create a bathymetric map for each pond (Figure 3 ). The surface areas between each pair of contours were determined gravimetrically by cutting and weighing printed maps. The volume of water contained in each contour interval was then calculated using a standard formula from limnology [36] . The field bathymetric maps were used to calculate the surface area, volume, average water depth, and maximum water depth of each pond. Tilapia (Oreochromis niloticus) fingerlings were obtained from a private hatchery at 2 g average size, held in ponds and fed a high protein diet until they attained 10-20 g, and stocked in all ponds at 2/m 2 . The tilapia fingerlings were supposed to be all hormonally sex-reversed males but previous experience had indicated that significant numbers of females or incompletely sex-reversed individuals could remain. Therefore, catfish (Clarias gariepinus) fingerlings, known to be an efficient predator on tilapia fry, were stocked at 20% of tilapia density after 10 weeks to control tilapia populations, should there be any reproduction due to sex reversal failures. Feeding was done twice daily, by hand, and was applied to ponds initially at 5% body weight per day and adjusted down every two weeks depending on the weight attained in the four ponds on each farm. By using average weight attained by the four ponds on a farm, equal quantities of feed were applied to ponds to standardize the effects of feed on water quality. By the end of approximately 160 days, the feeding rate was 2%. All floating feed used in the experiment was purchased from Raanan Fish Feed West Africa Ltd, Ghana. The sinking feed was prepared as a coarse powdered mixture of groundnut husk and rice bran (the typically used local ingredients and formulation), at the aquaculture laboratory of Kwame Nkrumah University of Science and Technology, Ghana, and distributed to the participating farms. The local formulation was done at one source to accurately simulate what farmers prepare on their farms and still keep variability among farms to the minimum. Proximate analysis performed on the two types of feed confirmed the manufacturer label of 30% crude protein content for the floating feed (exact value: 30.19%, major source of protein is, presumably, fishmeal) and 32.81% crude protein for the sinking feed. Fish growth was monitored every two weeks by randomly sampling 30 fish from each pond with a seine net and measuring length and weight and returning all individuals to the pond ( Figure 4 ). Ponds were monitored for a suite of water quality variables relevant for determining primary productivity and also effluent loads of nutrient, solids, and oxygen demand. Water quality monitoring began after filling each pond and ended after 160 days, deemed to be the approximate end of the production cycle. Depending on the variable measured and availability of resources, factors that were taken into consideration were the vertical level in the pond (top, middle, and bottom), stage of production (beginning and end), subsampling to reduce variability, frequency (one-time or weekly) and the timing of measurements (e.g., mid-morning or afternoon). The two farms that were based in the university and the research station received significant additional daily water quality monitoring for a period of two to three months. It was possible to monitor these two farms extensively because they had ponds set aside for experiments with the AquaFish Innovation Lab and it is also the workplace of the field officers who oversaw the entire field project. Variables measured and detailed measurement protocols for water quality are summarized (Table 1) . Field measurements of temperature, dissolved oxygen, and pH involved the use of a Hanna HI9828 multi-parameter handheld meter. Laboratory analysis of water samples (see Table 1 ) was carried out following standard methods [37] : total nitrogen (TKN) (macro-Kjeldahl), nitrate-nitrogen (cadmium reduction), ammonia-nitrogen (salicylate), nitrite-nitrogen (diazotisation), total dissolved nitrogen (TDN), dissolved organic nitrogen (DON), dissolved inorganic nitrogen (DIN), total phosphates (PO 4 3− ) (acid persulphate digestion method), orthophosphates (PO 4 ) (ascorbic acid spectrophotometric), total suspended solids (glass-fibre filtration), total settleable solids (gravimetric), 5-day biochemical oxygen demand (BOD 5 ) (20 °C incubation), and alkalinity (titrimetric analysis). Chlorophyll-a analysis followed methods described by HMSO [38] . Where applicable, formulae were used to calculate the concentration of one variable from the concentration of other variables.
Statistical Analysis
Water quality and fish growth data were analyzed using general linear models (GLM) to obtain an analysis of variance (ANOVA) table. All main effects (i.e., water, feed, stage, level) were tested and estimated where applicable, in addition to testing the significance of interactions among these effects. For the water quality variables measured weekly, the variable "Day", representing the number of days since stocking, was used as a covariate. Because Secchi depth was measured at five locations in the pond (i.e., subsampled or "replicated"), a nested ANOVA was performed by nesting the observations in Day. p-values for all estimated effects, variable and model degrees of freedom, model R-squared, overall mean, root mean squared error equivalent to standard deviation, and coefficient of variation was obtained for each model. Least Square Mean estimates (LSmeans) of treatment and factor effects that adjust for the effects of other factors in a model on the response variable were estimated, along with the 95% confidence intervals on estimates.
In addition to quantitative estimates, descriptive plots and correlation among variables were calculated. All general linear models and related plots were created with the SAS ® statistical software version 9.3. Descriptive histograms, box and whisker plots, and correlation estimates and associated scatterplot matrices were obtained using SAS JMP ® version 10 (SAS Institute Inc., Cary, North Carolina, USA).
Results and Discussion
Ponds in the study areas were small as reflected in various morphometric data. Pond area ranged from 147 to 1066 m 2 , with the average of 407 m 2 skewed toward the small end of the distribution.
Ponds were mostly shallow with average water depths ranging from 18 cm to 74 cm with a mean of 50 cm which is only half of the recommended water depth. Even the maximum depth observed in any pond did not exceed 1m, ranging from 42 cm to 98 cm with an average of 74. (Figures 6 and 7) . All water quality variables measured before and after the production cycle showed significant changes between the two stages and every variable differed between at least two of the five farms. BOD 5 , DIN, and TIN showed significant differences by water source whereas DON was significantly different between feed types. Settleable solids and TSS varied by the level within the pond water column. In addition to the significant main effects, there were various significant two-way and three-way interactions. Model R-squares ranged from 0.52 for settleable solids to 0.89 for DON, reflecting differences in noise associated with the different variables measured. Settleable solids had the highest coefficient of variation of that group of variables (71.6%) and DON had the lowest (23.8%) ( Table 2 ). The variables PO 4 , PO 4 3− , TSS, settleable solids, and DIN increased significantly from the beginning to the end of production, whereas BOD 5 , DIN, and TDN decreased. Significantly higher BOD 5 , DIN, and TDN were associated with old (reused) water compared to new water, whereas significantly higher DON was associated with sinking feed compared to floating feed. Settleable solids and TSS were higher at the bottom level of pond compared to the surface (Table 3 ). All water quality variables monitored weekly during the first half of production cycle, except Alkalinity, exhibited a directional change (i.e., significant effect of Day). Significant farm to farm variation was also observed, except for Chlorophyll-a (Chl-a) and NH 3 /NH 4 + . Dissolved oxygen (DO), alkalinity, Chl-a, and turbidity differed significantly by water source whereas feed type affected DO, temperature, pH, and turbidity. Thus, DO and turbidity were the only variables significantly affected by both water source and feed type. Dissolved oxygen, turbidity, and alkalinity also showed interaction effects of water and feed, with the effect on turbidity being only marginal (p = 0671) (Table 4) . Also, only pH differed significantly by water level. Model R-squares were much lower for variables measured weekly, ranging from 0.10 for NH 3 and NH 4 + to 0.56 for DO. Temperature (3.2%) and pH (7.2%) had the lowest coefficients of variation, reflecting minimal change over time and across ponds on the same farm, whereas NH 3 and NH 4 + had the highest (93%) ( Table 4 ). Dissolved oxygen was higher in ponds with reused water and floating feed than in ponds with new water and sinking feed (Table 5) . Temperature was slightly but significantly higher in treatments with floating feed compared to sinking feed. Although overall average pH (6.90; Table 4 ) and average pond surface pH (7.08; Table  3 ) were close to neutral, there was a significant trend toward increased acidity from the surface to the bottom of the pond. The pH also differed by feed type, with ponds with sinking feed being more acidic (Table 5 ). Alkalinity and Secchi depth (a proxy for water clarity and inverse of turbidity) were higher and Chl-a was lower in ponds with new water compared to reused water. Secchi depth was higher for ponds with sinking feed than floating feed. The GLM for fish growth indicated significant differences in growth between at least two treatments. There was a significant difference in growth between the two feed types (p = 0.0005; F 1,12 = 22.03). Neither the water source effect (p = 0.7145; F 1,12 = 0.14) nor water x feed interaction (p = 0.7501; F 1,12 = 0.11) was significant. The highest average growth of 300 g in 160 days was observed in the new water-floating feed treatment (Figure 8 ). Least square means estimate of growth associated with the four factor levels are floating feed (279.5 g), sinking feed (164.0 g), new water (226.4 g), and old water (217.2 g) with a common standard error of 26.3 g. The FCR averaged 2.13 in the ponds fed floating feed and 5.36 in the ponds fed sinking feed (Figure 8) .
Aquaculture is the fastest growing sector of food production globally, and this trend is also occurring in Africa, leading to an increased expectation to use better environmental practices. In this study, experiments were designed to evaluate the effect of two BMPs on pond water, effluent quality, and tilapia growth rates. Most chemical constituents of the water had increased concentration from the beginning to the end of production, conforming to the generally known pattern that the inputs to ponds in the form of fertilizer and feed produces a surplus of nutrients. Surprisingly, biochemical oxygen demand and dissolved organic nitrogen decreased from the beginning to the end of production.
Since DON and BOD 5 were positively correlated (r = 0.43), and were the two independent variables that decreased from the beginning to the end of the production cycle, it is conceivable that the source of water (mostly streams) used to fill ponds were enriched with organic material, making the pond a net user of nutrients and organic material from the water source. High nitrogen levels in the ponds in Ghana was also observed in TKN which includes organically bound nitrogen. TKN levels averaged 25.2 mg/L, more than 2.5 times the level typically observed in intensive aquaculture ponds [39] . Also, although DIN (consisting of NO 3 − -N, NO 2 − -N, and NH 3 /NH 4 + -N) was higher at the end of the production cycle (Table 3) , the initial value of 1.34 mg/L was quite high. Thus, not only organic but also inorganic nitrogen was high in the water source. Previous studies using the Hilsenhoff Biotic Index in Ghana [28] had concluded that aquaculture effluent-receiving streams, which are also the water source for ponds downstream, were being enriched with organic materials possibly from non-point agricultural sources and animal feeding operations. A concurrent analysis with chemical measurements detected similarities in nutrient concentrations between ponds and streams downstream of ponds, although BOD 5 was significantly lower in streams [32] . The excess nitrogen in the water source, with the additional fertilization and feeding, could explain the extremely high levels of Chlorophyll-a observed in the study ponds which averaged about four times the levels typically observed in intensive aquaculture ponds ( [39] , Table 6 ). This is more remarkable considering that pond aquaculture production systems in sub-Saharan Africa are generally classified as low-intensity to semi-intensive due to low stocking densities and feeding levels. Even at its lowest levels before reaching the full plankton bloom, Chlorophyll-a exceeded 1000 µg/L in most ponds ( Figure 9 ). With the high levels of nitrogen recorded in ponds, ammonia toxicity could be expected. Contrary to expectation, total ammonia nitrogen in the ponds in Ghana averaged at the low end of the semi-intensive range (Table 6 ). Although the sampling was not designed specifically to detect episodic high levels of ammonia, the results suggest that ammonia toxicity is not a major problem in the ponds studied. [13] , Numbers are average of samples from 10 ponds during draining of the first 10% of pond volume; c [10] , Numbers are the recalculated averages of reported surface average values (n = 8) for 25 ponds observed four seasons per year for two years. It is instructive to compare water quality variables at the end of production with the typical effluents observed in aquaculture ponds (Table 6 ). Values from surface of the pond in the current study are used in Table 6 for two reasons. Firstly, surface water tends to be of better quality than the bottom (Table 3) and there are BMP prescriptions for improving bottom water before discharging into receiving waters. A specific recommendation made for managing channel catfish (Ictalurus punctatus) pond effluents that might apply to annually drained tilapia ponds is to drain pond from the surface and hold the last 10%-20% of the pond water for two to three days after harvesting to reduce the discharge of solids, nutrients, and organic matter [40] . Secondly, the typical effluent values reported for comparison in Table 6 [10, 13, 39] are also from surface measurements, making the comparison more appropriate. Although, there are a limited number of variables for comparison from Table 6 , a clear pattern begins to emerge: Three of the four variables measured at the end of production (Total-P, TSS, and Settleable solids) exceed the range of typical values by wide margins of two to five times the high values for intensive systems. Only BOD 5 was within range but for semi-intensive, not low-intensity systems. In addition, these values were uniformly high and not significantly different between the treatments of this study, except BOD 5 which was significantly higher in reused water than in other treatments. This observation suggests that in terms of environmental benefits, both of the feed types at the current stocking, feeding, and fertilization levels resulted in significant loads of nutrients and solids compared to effluents from aquaculture ponds of similar levels of management intensity. A significant component of biochemical oxygen demand in ponds is due to respiration by live plankton [12] . Thus, given the higher level of plankton activity in ponds with reused water (Figure 9 ) a higher BOD 5 is expected.
The water reuse BMP has the potential to significantly limit the number of times a pond is drained, although every pond will eventually be drained fully or partially after several production cycles, for example, for pond maintenance. Even if a pond is used for only two production cycles before draining, effluent output is effectively reduced by 50%, and the increased hydrologic retention time increases the ponds natural waste processing efficiency as well [40] . Although the ponds in the study area are small, the cumulative impact of many small ponds draining after every production cycle with high concentration of nutrients, solids, and organic materials can be large [35] . This is not quite unlike the root of many environmental problems where independent actors make a multitude of defuse and seemingly insignificant decisions across the landscape aggregating into a major public natural resource conservation problem [41] . Conversely, in the case of tilapia farming with water reuse, it seems a significant amount of nutrients can be retained on a farm and recycled through multiple productions to result in a large cumulative positive effect in the form of better environmental performance, agronomic efficiency, and increased private farm profit. The results of this experiment showed that although there are slight positive effects of new water on fish growth, water source did not significantly affect the growth of Nile tilapia. Additional analysis of feed conversion from this experiment indicates that efficiency of conversion of feed to fish biomass was atypically low across treatments, and twice as inefficient in the ponds fed sinking feed, suggesting that feed may have been wasted and not efficiently utilized. Since nutrient levels and indicators of primary productivity were extremely high, it is arguable that feeding rates could have been reduced without affecting growth rates, and the benefits of using reused water over new water would have been more apparent if supplementary feed and nutrients were limiting. This apparently excessive input of the rather expensive feed and fertilization has undesirable effect on farm profit. It is also worth noting that DO levels in ponds with reused water were higher than ponds with new water. However, the DO measurements were taken mid-morning and not indicative of early morning DO which, in the absence of aeration, tends to be lower for ponds with higher plankton productivity because the oxygen consumption load of plankton during night time can be extremely high.
Compared to water source, feed type had a large effect on growth of tilapia, with the floating feed treatment resulting in higher growth rates. Although the two feed types had similar levels of the crude protein content, an economic analysis of the experimental results is needed to shed more light on whether the current cost of the floating feeds can be sustained by the amount of differential growth observed over the sinking feeds. The protein source of the two feed types (vegetable versus fishmeal) may not offer a completely satisfactory explanation for the observed differences in growth. Significant water quality differences were observed between feed types for variables measured during the production cycle (Table 5 ). Dissolved oxygen was more than 3.5 times higher in the floating feed ponds, temperature was a fraction of a degree higher in floating feed ponds, and floating feed ponds were almost perfectly neutral compared to a relatively acidic condition for the sinking feed ponds. The average DO of 0.97 mg/L in sinking feed ponds is stressful even for the hardiest of non-air-breathing fishes. Apart from the physiological stress of low DO that can directly inhibit growth, fish also feed less under low DO conditions because of decreased appetite. Clearly, a high amount of feed remained at the pond bottom of the sinking feed ponds throughout the production cycle, increasing suspended and settleable solids, decomposition and oxygen consumption. Surprisingly, pond surface BOD 5 at the end of production was not different between ponds with floating or sinking feeds, supporting the inference that the biochemical oxygen demand in the surface effluent consists mostly of oxygen for plankton respiration rather than decomposition of organic material. The pond temperature difference between the two feed types is most perplexing. Since the floating feed ponds maintained higher Chlorophyll-a levels and therefore would be more opaque, it is possible that the floating feed ponds absorbed more heat, leading to a small but consistent difference in temperature between neighboring ponds. Other explanations may be plausible and this phenomenon deserves a more thorough investigation in future studies. Regardless of the explanation for differences in temperature, within the range of temperatures observed in this study warmer ponds favored faster growth of tilapia, however small the difference.
An important observation of this study is the pervasive effect of Farm or site on the observed water quality levels in the general linear models. This emphasizes the importance of the climatic and edaphic context in understanding the effect of management practices on water quality. Statistically, without controlling for the effect of Farm, many significant differences in treatment effects may not have been detected because of large variability introduced by Farm. For practical management purposes, these farm-to-farm variations suggest that natural background variations in water quality among farms exist, even in small geographic areas, and these will lead to differences in productivity of ponds even under the same management regimen. It also raises the possibility that even under controlled experimental conditions, small systematic differences in management practices between farms may lead to different outcomes of applications of BMPs.
Conclusions
This study describes the effect of water source and feed type on pond water, effluent quality, and growth of Nile tilapia in earthen ponds in Ghana. The ponds in the experiment were found to maintain an extremely high phytoplankton standing crop, reflecting high primary productivity, and fueled by high levels of nitrogen and phosphorus in ponds. Source streams for filling ponds appear to be enriched with organic material, contributing to high levels of dissolved organic nitrogen and biochemical oxygen demand at the beginning of the production cycle rather than at the end. Total phosphorus, total suspended solids, and settleable solids in ponds exceeded the range expected for intensive aquaculture ponds, even though these production systems would be classified as low-intensity or semi-intensive, based on stocking densities. Nutrient addition to ponds through fertilizer and feed may have been excessive and savings may be realized by reducing both fertilizing and feeding rates, with emphasis on reducing feeding rates because it is a major driver of the total variable cost of production. Reused water had higher biochemical oxygen demand and higher Chlorophyll-a compared to new water, but also had higher dissolved oxygen, and there was no statistical difference between tilapia growth in reused water and new water. Tilapia fed floating feed had significantly higher growth compared to those fed sinking feed, which may be explained by the sources of crude protein content of the feed types in addition to sinking feed being associated with extremely low dissolved oxygen, slightly lower temperature, and pH in the acidic range. Water reuse appears to be a viable BMP to achieve a more sustainable intensification of pond aquaculture in sub-Saharan Africa, but the viability of nutrient management through feed as a BMP in pond-based tilapia farming will depend heavily on the economic profitability of floating feed use, which we encourage in subsequent studies.
